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SUMMARY

Lubrication studies of bear- lubricated M.ti liqdds (introduced
in dxoplet form) and solids (introduced in am ah stream) were made h a
bearing test rig under conditims of minimum ltiricant flow, that 5s,
very little cooling by the lubricant. The following six liquid lubricants,
consisting of two petroleums and four synthetics, were investigated: The
petroleums were lllL-O-6081Agrade 1010 oil and KIL-F-5624B grade JP-4 jet-

engine fuel; the synthetics were di(2-ethylhexyl)sebacate plus additives,
dioctyl isooctene phosphonate, tetrakis(2-ethylhexyl)silicateplus an addi-
tive, and a silicone-diesterblend. TWO solids, molybdenum disulfide and
graphite, were also investigated.

The investQation was conducted with 20-millimeter-boreba3J.bear-
ings of 18-4-1 tool steel. Most of the bearing cages were two-piece
stsqdngs of silver-platedberyllium copper riveted together. Others
were two-~iece riveted bearing cages machined from cast bconel.

Under the conditions of these expe?nhnentsthe solid - air-mist lub-
ricants were better high-temperature lubricats than were the liquids.
AU tests of solid - air-mist lubricants were run to completion from 100°
to lWOO F. Graphite was abetter Uibricmt than mol.ybdenumdisulfide
because it provided effective luhrj~ation, tithb=~ e~ppedfifi
either a beryllimn co

7
er or an ticonel cage, throughout the temperature

range (lCOO to 1000° F . Molybdenum disulfide provided effective lub-
rication only to 8=0 F with a bearing equipped with an ~conel cage.

A blend of a silicone and a diester was the best high-temperature
liquid lubricant tested. Effective lubrication was provided to 700° F,
and no failure occurred at 850° F despite high friction torque.

AlthoughbeaMngs withberyllim copper cages operated at lower
friction torques than those with Inconel cages, this may have been caused
by differences in cage design. Although only low stresses were imposed
on the Cagesj several of tie be@J-i~ coPPer c%es were ~~d= Re-
sults tith cast Econel cages were considered promising enough to justify
trials in RilJ_-scale-enginebearing tests.

— .—. .— . ..— ——
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Experiments with dried graphite and extrmely dry air as the car-
rier showed effective Mbrication to 1000° F, although friction-torque
values were higher than those obtained with undried gaphite.

Results obtatied with JP-4 fuel as a lubricant were unusual.in that
one of the test bearings ran to 700° F with low friction torque despite
the fact that a cage fracture (discoveredat shutdown) had occurred
during the test. b a second test with JF-4 fuel, high friction torque
and a cage fracture resulted at 550° F.

Witti theti effective
were similar for the liquid

-ttig temperatures

operating rsmges, friction-torquevalues
and the solid lubricants.

In’TRoDmoN

of high-speed rolJ3ng-contactbearings are
at pre&nt Mmited minly by the lubricants and to a lesser extent by
the beartig materials (refs. 1 and 2). Metallurgical aspects of
rolling-contact bearings, with particular reference to their use in air-
craft gas turbines for high-temperature application, are discussed in
reference 3. The Tresent-~ liquid lubricants have a maximum teqera-
ture Limit beyond which theti performance characteristicsbegin to de-
teriorate rapidly (refs. 4 and 5) thraugh processes such as evapor-
ation, thermal dec~osition, and oxidation. Although Imown liquids can
stiJl be ~roved sanewhat and the entionment of the bearings can be
altered, bearings will still have to be operated at temperatures in ex-
cess of the temperature limits of present and of =Mately forseeable
ltiricants.

oil - a5r-mist and circulat@ oil-jet lubrication are employed at
present in turbojet engines. Only a small fraction of the ofi supplied
to the bearing is needed aa a lubricant, since the bullsof the oil is
used to carry a~ the heat generated by the bearhg and the heat flow-
ing to,the bearing from the engtie. Thus, the bearhg is cooled to a
low-tqerature level that does not cause excessive evaporation or chem-
ical breakdown of the ofl. With high-temperature operation of future
turbojet en@nes (ref. 1), attempts to keep bearing temperatures at
their present levels would impose a very difficult burden on the availa-
ble cool&g capacity. b order to reduce the oil-system heat load,
bearings must be allowed to operate at higher temperatures. This high-
temperature operation can be attatied only if hibricants with better
M&-tempera&e stability can be developed.

This tivestigation is a conttiuation of the
ence 6, which was a preMm5nn tivestigation of
MoS2 as a bearing lubricant at high temperatures

high speeds and low temperatures. Ball.bearings

work reported ti refer-
mo~bdenum disulfide
and low speeds aud at
of l-inch bore were
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operated with MoS2 - air-mist lubrication to temperatures of 1000° F at

low speeds, and 75-mXU.imeter-boreroller bearings were operated to DIl
values (product of bearing bore in mm sad shaft speed h rpm) up to

O.975X106 with MoS2 syrup-bonded coatings and MoS2 - ah-mist lubrication.

This investigationwas conducted at the NACA Lewis laboratory to
determ3ne the temperature limitation of various liquid and solid ltiri-
csats for high-t~“era’ture operation. Test bear5ngs were size 204 (20-
nm bore, 14-Imnwidth, and 47-mu outside dismeter) bdl bearhgs. Races
and balls were msde of 18-4-1 tool steel. TMrteen test bearings were
equipped with two-piece, st~ed and riveted silver-platedberyllium
copper cages; four were equipped with two-piece, macldned and riveted
cast Inconel cages, three of which were precoated with a nickel oxide
filln.

Low bearing friction torque was used as the criterion of effective
lubrication.

API?’

Bearing Rig

The bearhg rig (fig. 1) used for this
around an oral- floor-t~e driU press.

investigationwas constructed
b addition to the dr~

press, the rig consisted of a resfit~ce ~ace> a sP~~e~ ~d a sPec~
test-bearing houstig msml.y to petit ~as~=nt of bear~ fricti~
torque. Load was applied by dead weights acting on the spindle through
a lever system. hbdifications made to the dr~ press enabled accurate
axial loading of the test bearing and measurement of the test-bearing
inner-race temperature.

The test beartig was mounted on a short shaft, which was fitted into .
the tiilJ--pressspbile through a tapered press fit. The outer race of
the beartig was mounted in the special Inconel bearing housing assenibly
in the furnace ‘cavity;this asseriblyis descrfied fully in reference 7
and is shown in figure 1. It is essentially an externally pressurized,
parallel-surface nonrotattig air-thrust bearing. The ah-thrust bearing
provided an essentially frictionl-esssupport for the test bearing in
order’that friction torque could be measured accurately at all bearing
temperatures. Details of the externally pressurized air-thrust besrimg
are shown in figure l(a).

The furnace (fig. l(a)) consisted of an Inconel cylfider heated by
coils of Nichrome tie wound around the cylinder. The furnace was
equipped with an automatic temperature control.

— . ...— .——. .—— .--— ——= ._ ___ ——. ——
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Friction-T?rqueMeasurement

Bear@ friction torque was measured by mesns of a calibrated force-
m.easurhg transducer, which restrained the air-thrust beartig from mov-
ing. In the absence of rotative motion the air-thrust bearing will in-
troduce no friction torque, so that the torque measmed will be that
develo~ed by the test bearing alone. Friction torque was recorded by
means of a photoelectric potentiometer recorder with an accuracy of
*3 percent.

Temperature Measurement

Test-bearing outer-race temperature was obtained by the use of an
tim-constantan thermocouple located in the test-bearing housing. An
additional thermocouple for the temperature-controlhstrumen t was also
located h &e test-bearing houstag. Xn order to minimize friction-
torque effects from the thermocouple leads leaving the housing, a spe-
cisl 3-fc& section of very fine-gage wire was hung vertically.

Test-bearing inner-race temperature was measured by sm iron-
constantan thermocouple pressed against the bore of the inner race at
the sxial midpoint of the bearing. The thermocouple wires were brought
out through a hole h the center of the drill-press spiudle. The ther-
mocouple electromotive force was transmitted from the rotating spindle
by means of small slip rings located on the end of the spindle (ref. 8).

Test Bes.rtigs

The test bearhgs used for this tivestigationwere size 204 (2C-mm
bore, 14-nm width, and 47-mm outside diameter) ball beartigs made of
18-4-1 --speed tool steel (18 percent tungsten, 4 Percent ~mj

and 1 percent chrmium). Test bearings were constructedwith a nominal
o .0004-iJlchCuametral Clearance to ABEC - 3 tolerances. Two types of
cages were used ti the test bearhgs. The ftist type was a two-piece,
stamped and riveted bdl-ri~ cage made of sflver-platedberyllium
copper. The second type was a two-piece, mactied @ riveted ~er-
race-riding cage made of cast ticonel. Cast Inconel was used as a cage
material because of the desircibtihigh-tempmnatureproperties revealed
la basic friction and wear tests (ref. 9). Three of the Inconel cages
were treated with a bath of molten sodium hydroxide IbOH at appretely
750° F for 3 hours to produce a nickel oxide coathg with good frictional.
properties. Schematic dratigs of the test bearings are shown h
figure 2.
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Lubricants

The liqpid lubricants were divided tito petroleums aud synthetics.
The petroleums jncluded ~-O-6081A grade 1010 oil and W-F-5624B grade
JP-4 jet-engine fuel. The synthetic oils were as follows:

(1) A compounded diester of di(2~thy_l) sebacate with O.5 per-
cent phenothiazbe as an oxidation imhibitor, 5 percent tricresyl phos-
phate as an antiwear additive, about 4 percent methacrylate polymer
KLSCOSitY-ideX @rover, ad 0.05 percent =t~~ s~cone ofl

(2] A phosphonate (dioctyl isooctene phosmte)

(3) A silicate (tetrsJsis(2-ethyl-h=yl)sfliute) with 1 perc=t
phenyl+z-mphtmtie as an oxidation inhibitor

(4) A sflicone-diesterblend SD-17 of 1/3 di(2-ethylhexyl)sebacate
plus 2/3 methylphenyl polysilomne (100 centistokes at 77° F) plus 0.5
percent phenothiaztie as an oxidation jnhibitor

The liquid lubricants and

The solid lubricants

some of their properties are listed in table I.

were MoS2 and graphite.

Lfirication Systems

Liquid hibricants. - For the liquid lubricants a small metering
puq driven by a variable-speed motor was used. b order to reduce the
lubricant flow to the required few drops per fitie, a 40-imh length
of O.020-tich inside-diametercapillary tti.ewas used in conjunction-—

* with a aeedle-type bypass
hazard when W-4 fuel was
stituted for the metering
plmger was used to force
to the bearjng.

valve.- k o%er to reduce the explosion
used, a 100-cubic-centime% syringe was sti-
puq and motor. The weight of the syringe
the JP-4 liquid through the c@llary tube

SoHd lmricdm. - For soud - ati-mist lubrication the system
consisted of a low-pressuxe ah supply} a pressure-reztm valve> a
conventions.1.float-type rotsmeter, a conibhation ti fflter and dehumid-
ifier, two 4-ounce bottles, a vibrator for the bottles, ad a section
of 3/16-tmh sta~ess steel tubtig which csrried the solid - ah-mist
lubricant to the vicjnity of the beartig.

The air was filtered through a 2-micron filter and dried (madnnnu
relative hmxldity, 70 yercent). For special tests =-g dI’Y*>
an activated alumina adsorption & drier was used. For these tests

the dew pojnt of the air was lower than -60° F. Figure 3 shows a

.- .-—.-—.— —.=—.—— ___ — -—.
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schematic diagram of the solid-particle - ah-mist lubrication arrange-
ment. Pressurized air was titroduced tito the upstream bottle to agitate.
the lubricant and carry it downstream. The second bottle served as a
trap for excessively large particles and as a visual gage to detemdne
qualitativelythe lubricant flow rate. Both bottles were vibrated to
keep the powder mobile.

. . PROCEDURE

All runs were conducted at a constant speed of 2500 m (the limita-
tion of the test rig] aud a 110-pound thrust load over a range of bearing
outer-race temperatures from 100° to 1000° F or failure, whichever
occurred first. Test-bearing outer-race temperatures were raised in
increments of 150° F. Test bearhgs were operated continuously during

the time required (about 1 to l; hr) to reach each temperate level and

conttiued at each designated temperature for 2 hours. Because the max-
imum total running time per bearing was 20 hours or more, the rig was
shut down at the end of each day and restarted the next day.

It W’aS found that, when solid - air-mist hibrication was employed,
the beartig was very sensitive to the mount of lubricant flow. An
insufficient flow prcduced the symptms of an ticipient failure, and an
excessive flow resulted in a gmting sound and an increase in friction
torque. The flow of solid - atr-mist ltiricant was frequently adjusted
to produce minimum friction torque snd noise level. The lubricant flow
rate was 15 to 55 drops per mhute (approximatelyZX10-4 to lx10-3
lb/m3n for liquids and 2x10-5 to 15x10-5 lb/. for solids). The ah
flow required to carry the solid particles to the bearing was a~oxi-
mately 0.053 to 0.23 cubic foot per minute.

Failure was characterizedby high (exceedhg 0.5 in.-lb) and un- ●

st~le besring friction torque and noisy operation of the test bearing.
3% addition, failure due to cage breakdown could be detected by visual
hspection durtig shutdown if other means failed to indicate the trouble.

RE8UEE3 AIUJDISCUSSION

The results of the experimental.investigation in which 17 bearings
were tested are sumarized in table II and h figures 4 to 8. Figures
8(a) and (b) =e photogmphs of new test bear

Y

iUustrat3ng the two
types of cages used h these tests; figures 8(c to (r) are photogram
of besrings after testing.

.
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Bearings with Silver-Plated Beryllium Comer Cages

operation test 1 . - In test 1 no Uibrica.ntwas supplied to
the test besrhg. Failure occurred after 3 hours and 6 minutes of oper-
ation. Bearing friction torque (fig. 4) first increased momentarily
after 1 hour and 24 minutes of operation. After 2 hours and 55 mjnutes
the bearing began to fail, and about 10 ndmutes later friction torque
increased from O.4 to 4.75 inch- ounds.

7

A photograph of besrtig 1 after
the tests is shown in figure 8(c . The cage was broken in one place
and the inner race, balJsj and cage were slightly discolored (a light
straw color) from frictional heat. At the time of fail.urethe hner-
race temperature was approximately 540° F (290° F higher than that of
the outer race). This temperature differential undoubtedly produced a
high load between the bearing balls and races because of the loss of
diamdrsl clearance and could have been responsible for the cage breakage.

Petroleum liquids (tests 2 and 3). - b test 2 the ltiricant was
MIL-O-6081A gade 1010 oil, which is currently used in several.turbojet
engines. Friction-torque values, shown in figure 5(a), indicate that
failure be- at a temperature of 550° F and quickly progressed to a
tot&1 failure in going from 5S1° to 700° F. Friction torque reached 5
inch-poundsbefore shutdown. The total running time was 14.1 hours.
,Fail.urewas evidenced by cage brealmge in several positions (fig. 8(d)).
The bearing was fWly clean with a very slight deposit of varnish on
the parts.

Tests 3a and 3b were conducted using MIL-F-5624B grade JP-4 jet-
engine fuel as the lubri~ant (fig. 5(b}). In the figure the solid curve
gives the average friction torque and the broken line the extrane values
of friction torque. Friction-torque values were fairly low at tempera-
tures to and ticlukhg 700° F for test 3a. Failure of the besming, evi-
denced by breakage of the cage at one location, was detected by visual
tipection at the end of the 2-hour run at 700° F (fig. 8(e)). Test 3b
showed a friction trend similar to that of test 3a at temperatures up to
400° F, but the bearing failed ti gotig to 550° F with friction torque
reaching 2.64 inch-pounds. The bearing used in test 3b sustained a
tit iple cage fracture. The totsl rumning time with JP-4 fuel was 16
hours for test 3a and 9.8 hours for test 3b. The bearings were rela-
tively clean bti slightly dsrkened.

Synthetic oils (tests 4 to 7). - Tests 4a and 4b were conducted
with a compounded diester, which approaches the recpirements of military
spectiication M3L-L-7808, as a lubricant. The results of these tests are
S-tireti figure 5(c}, and a photograph of the be=ing after the tests is
ShOWI.1 in figure 8(f). h both tests friction torque was low at teruper-
atures to and includhg 700° F. Test 4b was terminated at 700° F be-
cause of heater failure; no bearing failure occurred. lh test 4a fric-
tion torque rose rapidly when the bearing was behg heated from 7~0 to
850° F. Failure occurred h this temperature range; at shutdown, fric-
tion torque had reached appradmately 3.44 inch-pounds. The cage waa

—-—. -————_ _____ —-— . —. —
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broken and several sections were missjng. The bearjng was r~ti~eQ
clean but slightly darkened. The total running time wa8 15.15 hours
for test 4a and 16 hours for test 4b.

In test 5 the Mibricant was a phosphonate. The msxiruumteqerature
at which the bearing operated satisfactorilywas 450° F. Friction torque

increased rapidly to 3.5 inch- ounds when the b~ing was being heated
fran 400° to 550° F (f=. 5(d)f. Although no mechanical.failure occurred,
the test bear

Y
was ahmst completely covered wtth a heavy carbonaceous

deposit (fig. 8 g)). The totsl runu~ time for test 5 was 8.5 hours.

k test 6 the lubricant was a silicate. This lubricant was slightly
better than the phosphonate h that it allowed bearing operation at
550° F for 2 hours with M@ and unstable friction torque, rangiug from
0.26 to 1.04 inch-pounds (fig. 5(e}). At temperatures slightly above
550° F, friction torque increased rapidly =d the test was stopped be-
fore severe dsmage could occur to the test bearing. The fricticm torque
was 1.84 inch-pounds at shutdown. Again, as h test 5 tith the phosphon-
ate ti the lubric~t, there was no mechanical fafiure; but, h contrast
to the heavy deposits with the phos honate, there was only a slight brown

fdeposit with the silicate (fig. 8(h ). The total running the was X1.3
hours.

Test 7 was conducted with the silicone-diesterblend as the lubri-
Cant . Friction torque was low and stable thmugbmt the range of tem-
peratures to 850° F (fig. 5(f)). At 850° F, however, friction torque

.

varied from 0.23 to 1.46 inch-pounds. The bearing completed the 2-hour
run at 850° F despite the high and unst~le friction torque. Stice a
slight increase in temperature above 850° F resulted h further increases “
b friction torque, the test was te~ted. w c%e had not broken.
Figure 8(i) shows the heavy deposit on the Mbricant iulet side of the
b~hg. The lubricant outlet side of the bearing (fig. 8(j)) shows less
deposit, indicatm that the lubricant decomposed before reaching this
area. The total running time was 16.25 hours.

Solid lubricants (tests 8 to 10). - Test 8 had MoS2 - air mist as

the lubricant. Although friction torque was fairly high and unsteady at
the 100° F temperature level (fig. 5(g)), it was steady and low at 250°,
400°, and 5500 F. At 700° F, fricticn torque agati became unsteady and
remafied so untfl the end of the test at 1000° F. The maximum friction
torque at shutdown was 3.64 inch- ounds.

7
The total running time was

19.05 hours. Figures 8(k) and (1 show views of both sides of the b~-
ing after testing. Figure 8(k) shows the l~ricant inlet side of the
bear@, where ~ensive dmnage to the cage is clearly evident. The
opposite side of the cage M stm ~t~t (fig- 8(1)~~ ~though it *OO
shows evidence of damage. At temperatures above 750 F h the presence
of ~gen, MoS2 begins to oxidize at a rate that ticreases with incress-
img temperatum2 (ref. 10). The oxidation products ticlude nmlybdenum

.

—.. .- ..—. .
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trioxide McQ3

readily react
silver plate).

9

(an abrasive material) smd sulfur dioxide S02, which could

with the cage material (both the be~llium copper and the
The extensive cage dsniagethat occirred in %ese tests— —

could have been caused by corrosion.

Tests 9a and % were run with graphite - air mist as the lubricant.
Friction torque in general decreased with temperature (fig. 5(h))
throughout the teqeratuzw range to 1000° F. At lCOOO F friction torque
was very low for both tests, ranging from 0.05 to O.1 inch-pound for
test 9a. The bearings were clean exce t that they were covered with a

7thin fldm of graphite powder (fig. 8(m ). No COrI=OSiOn was h evi~nce

snd all bearing components showed little evidence of wear or damage of
any kind. The total running time was 18.65 hours for bearing 9a and
18.7 hours for bearing %.

~ test 10, dried graphite was the lubricant. Specially dried air
was used in place of omkhary supply air to carry the psrticles of dried
graphite to the bearing. The effectiveness of graphite as a lubricant
has been shown to depend on the presence of moisture or certati gases
(ref. Ii). & cm be seen from the curve for friction torque (fig..5(i)},
graphite, in the absence of moisture, was not quite as effective a lubri-
cant as when moisture was available. Although friction-torque values
for the dried graphite were higher and more unsteady than were those for
the nondried graphite, the test was completed. I& the temperature -e
of 700° to 1000° F, friction torque was considerably reduced. This re-
duction may have been caused by seepage of ndnute quantities of moisture
into the lubricant despite the extensive precautions taken or by in.
creased effactiveness of gases such as o~gen. The beartig after the
test (fig. 8(n)) was comparable in appearance to the bearing used in
tests 9a and %, rotated freely, and ws wibroken. The total running
the was 18.5 hours.

Bearings with Cast Inconel Cages

Solid lubricants (tests U to 13). - The bearing used in test II
was equipped with an oxide-coated cast Jkconel cage = was lubricated
by M&g - air mist. Figure 6(a) shows the results of this test. Fric-

tion t&que decreased frcm its initial value to temperatures of -o F
and thereafter increased steadily at temperatures to 1000° F. I%iction
torque was fairly stable to and including 8X1° F. Above 850° F, fric-
tion torque became more unstable bti was still more stable and lower in
_itude than that for a bearing eqtipped with a silver-platedberyllium
copyer cage (test 8, fig. 5(g)). On completion of test Id.,all bearing
components were found titact. A small amount of light yellowish-white
deposit waa observed on the bearing, maidy at the cage-locat3ng surface
(fig. 8(0)). The entire cage had a gray vapor-blasted appearamde. The
bearing turned roughly and tightly. The total running ti3newas 20.9
hours.

. —— _—_ —____ -— _



10 NICA TN 3337

In test 12 the lubricant was graphite - air mist, and the cage was

constructed of oxide-coated cast Inconel. The purpose of this test was
to compare cast Ihconel and silver-platedberyIlimn copper as high-
teqwrature cage materials. The test was run to completion although
friction torque was quite high and unstable throughout most of the tem-
perate range (fig. 6(b)), reac~ its nw&nun value at 850° F. Fric -

tim torque was very erratic at 850 F, but it steadied and was smooth
at 10000 F. This change may have been caused by = increased rate of
formation of nickel oxi~ on the surface of the cage at high temperatures,
as hlkated by unpublished results. S5milar results were not obtatied
with MoS2, prob~ly because it forms an abrasive decompositionprcduct
above 750° F. With gaphite at 1000° F, friction torque ranged fram 0.2
to 0.36 inch-pound,with an average value of 0.33 tich-pound (fig. 6(b)).
It can be seen that these values of friction torque are higher than those
for the beanlngs with the sflver-platedberyllium cower cage (fig.
5(h)). Dfiferences not mly ti cage material but also ti cage desiw
undoubtedly are responsible for the variation in friction torque. The
bearing components upon completion of test 12 were intact and were free
to rotate easily (fig. 8(p)). The total rumdng time was 19.6 hours.

In test 13 the lubricant was gmphite - air mist. The cage mater-
ial was untreated cast hconel; thus, no prgd oxide fti was present.
Values of friction torque for this test (fig. 6(c)) were, in general,
comparable with those for the other graphite tests throughout the tem-
perature range frm lCOO to 1~0° F. A reduction in friction torque
below that for the axide-coated cage msy be noted in the range of tem-
peratures frcm 700° to 850° F. Bearing operation was considerably
smoother with the uncoated cage, and at the conclusion of the test all
beartig components were intact (fig. 8(q)) and the bearing rotated
freely. The total runn3ng the was 18.1 hO’U2X5.

Silicone-diesterblend (test 141. - Test 14 was run with the
silicone-diesterblend as the lubricant zmd with the cage oxide-coated.
This test was run at 550° F for 39.25 hours; during this time friction
torque was low and steady. Thetest was*runat7~° F for2 hours
before frictim to us became unstable and ticreased to a value of 1.5

Tinch-pounds {fig. 7 . After shutdoyn it wqs.@und that the bearing was
heavily coated
were titact.

with a rubbery film [fig. 8(r)). The bear~ components

-m of Exp~tal Results

Although the results reported herein were obtained at low JXltiues
with rehtively small beariI@, the trends tidicated are believed to be
valuable as pflot tests which serve to decreape fuU-scale-en@ne bearing
testing.’

.
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conparisa of results with liquid and solid lubricants. - Solid
, lubricants were found to be superior to liquid lubricants at high tan-

peratures. Both grqhite and MoS2 gave better results than the best
liquid lubricant (silicone-diesterblend). Graphite provided effective
lubrication at temperatures to 1000° F in all four tests in which it was
used. Molybdenum disulfide - air mist provided effective lubrication
at temperatures to 850° F and pemnitted bearing operation at 1000° F.
The difference in results with graphite and MoS2 is believed to be due
to the properties of the decompositionproducts of these lubricants.
Graphite oxidizes to fom a gas; ‘MoS2,however, oxidizes in the presence
of air at high temperdames, forming an abrasiveproduct (ref. 10). How-
ever, MoS2 is very stable in the absence of oxygen at high temperatures

(ref. 12). Although friction-torquevalues for the dried graphite were
tiitidd.y higher than those for the undried.graphite, they became com-
~ble at higher tqeratures.

Among the liquid lubricants tested, the silicone-diesterblend
allowed the bearing to operate to the highest temperature (850° F) under
the conditions of these tests. Friction torque was stale and low at
all temperature levels except at 850° F. The next best liquid lubricant
was *O a synthetic oil, di(2-ethy_l)sebacate plus additives. This
oil permitted operation to 700° F bti proved ineffective at higher tem-
peratures. Although one of the test bearings lubricated with JP-4 fuel
ran to 7~0 F with low friction torque, the Uibrication was not effective

, since the cage was found to be broken when the rig was shut down. An-
other bearing lubricated with JP-4 fuel ran at 4W0 F but failed when
go- to a higher temperature. None of the remamg liquid lubricants
(grade 1010 oil, the

P
sphonate, or the silicate) provided effective

lubrication above 550 F.

comparison of cage materials~ - The relative merits of the two cage
materi.ds tested are difficult to evsd.uatebecause this type of test is
not as severe a test of the cage as a full-scale-engtnebearing test at
high m values. Since sindlar tests were run with the silver-plated
beryllium copper and the cast Inconel cages using MoS2 and graphite as
lubricants, the cages are compared on the basis of these tests.

Of the two cage materialB, Inconel showed slight~ higher friction-
torque values at temperatures to 700° F when lubricated tith M2. Above

700° F, however, the beryJlim copper cage showed the higher friction-
torque values. When the besrhgs were lubricated with graphite, the
average friction torques with both cage materials were comparable. How-
ever, for the cast ~conel cage, friction torque was more erratic and
slightly higher than for the beryllium copper cage (figs. 5(h) and 6(b)).

The magnitudes of friction-torquevalues in the regions of satis-
factory lubrication were similar for both liquid and solid lubricants.

—— _ —_ _ ——
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For bstsnce, grade 1010 oil produced friction torqus between 0.1 and
0.2 tich.pound (fig. 5(a]); MoS2 operated at O.IJ-inch-pound (fig. 5(g));

and graphite opemted between average values of 0.06 and 0.29 inch-pound
(fig. 5(h)).

smMARYoFREsums

The follow3ng results were obtained with 20—~ter-bore, tool-
steel ball besrtigs, equipped with either two-piece, stsmped and riveted
silver-platedberyl13um copper cages or with two-piece, machined and
riveted cast bconel cages and lubricated with various solid and liquid
lubricants at bearing t~eratures from l~” to 1~0° F, a bearing speed
of 2500 rpm, and a thrust load of 110 pounds:

1. The solid Mibricauts tested (gmphite and molybdenum disuld?ide)

7

roved to be better high-temperature lubricants than the li ids tested

Tseveral synthetics and petroleums). The soHd lubricants introduced
as a so~d - air mist) provided effective lubrication (as evidenced by
low friction torque) ~ to lCOOO F, whereas the best liquids (titroduced
in droplet fcum) provided effective ltiricatim to 700° F.

2. Of the two solids tested, graphite lubricated effectively at
1000° F with bearings equi~ed wih either a beryllium copper cage or an
lhconel cage, while molybdenum ~ulfide lubricated effectively to 850° F
with a bearing equipped with an Inconel cage and allowed beartig opera-
tion at 1000° F without failure. Bearings lubricated with graphite were
clean and showed little evidence of wear; bearings hibricated with molyb-
denum disuli?idewere quite contandnated and, where the cage material was
beryllium copper, showed evidence of extensive wear (probably corrosion}.

3. Among the liqyid lubricants tested, a blend of a silicone and a
diest= allowed bear- operation to 850° F. Effective lsibricationwas
provided at 700° F, and no fa31ure occurred at 850° F despite high fric-
tiun torque.

.

4. Several beryllium copper cages failed by fmcturing. The Inconel
cages were not fractured, and theti ~erfomance was considered pramisimg
enough to just3fy trials b fuU-scale-en@e bearing tests.

5. A test run with dried gmphite and dried air (dew point, <-60° F)
produced friction-towe values higher than those ob~ed with undried
graphite. However, effective l@rication was obtained to 1000° F, either
because of adsorbed gases or moistame seepage into the system.

.

6. Results obt~ed with JP-4 fuel (tested ti two bearings] were
unusual.h that one of the test bearin@ m.n to 700° F with low friction
torque despite the fact that a cage fracture (discoveredat shutdown) had

.
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occurred durtig
when going to a

the test. The second bearing ran at 400° F and failed
Mgher temperature level.

7. Friction-torque
lubricants within their

Lewis Flight Propulsion

values were similar for both the liquid and solid
respective effective operating ranges.
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TAB1.W I. - PROEZFfNE8 OF LIQLKUl LUBRIC.WE

Liquid

Peboleutn:

~-O-&281A grade 10IOb
lIfU-F-5624.Egrade ~-4 ~et-engine

fuel

DieBtCT:

Di(2-etbylh~l)eebaoate +

additivea” ~d~e>f

Phosphomte :
DiIxtyl isoootene phoaphonateb

Silicete:
TetrakiB (2-ethylhexyl)ailicate +

~titition inMbitorf ,h

311icone-3ie8tar bland, 6D-17:

* dl(2-A~lh~l)eeWca*b )e~i+

~ methylphenyl ~lyeihxe.ne

(~ centi,tokea at 77° F)

%pontameooa ignition temperature,

%eaaurd value..

‘4 Peroent methaerylate polymer.

‘5 Peroent tiicrmyl phoapbate.

‘O.5 Percent phenothiazine.

‘Manufacturer ‘S data,

gAt -50° p,

‘Phanyl-u-naphthylemine (1 ~rcent ).

‘%?te by VOhlm ,

001

65° F

.O,IXQ

5

.6,CXX

,-----

l,4m

3,m

Viscoeity,
ti8tokeB, at -

-40° F 10001

---- 9.96

---- .86

*

t

260 6.8

lW 42

2.47

.51

5.3

2.77

2.4

14.2

T
L.8.T.M. C.o.c

pcw fl-h
point, Poigt.

OF

<-70 m

-L<-75 45-c

-6U ---

T
<-ml 395

‘=-w 4s0

T
C.O.C. S.I.T.,a
fire OP
W&,

---- I m

+

..-. 4M

+

t

4% ---

500 ---

G
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TABLE II. - EFFECT OF TEMPERATUREON BEARING LUBRICATION

[$peed, Z500rpm; tbruat load, ll~lb. IaIbricationf ilurewasgeneral.ly
presumed when friction torque exceeded 0.5 in.-lb1

.

>

——. . —— . . —
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(a) Sketch showing details.

Figure 1. - Hi@-temperature rig.
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(a) Two-piece, *m@ and riveted eilver-plated beryllium oopper oage.
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I
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(b)

FQure 2. - Sohemtio dravir@E of teti hin&w.
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5+3%+++
)uter-racebearing temperature, %

.

250

0 40 80 120 160 200
Running time, tin

Figure 4. - Test 1. Effect of running time on bearing friction
torque for dry operation. Speed, 2500 rpm; thrust load, 110
pounds; bearing construction, stamped and riveted silver-
plated beryllium copper cage.
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— Average
— —— Ertreme

To 5.0
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I
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.2
)

cL &

~
1
:.
z u ‘(a)Test 2. Lubricant,MCL-L-O-6081Agrade 1010 oil; method, drop feed;
. lubricantflow rate, O.~ to 0.001 pound per minute (15 to 55 drops
~ tin).

n
2+ To 1.23 To 2.64

$
t !

Test

!$ O 3a

7 L

❑ ?ib

.6 a

(I
I

.4-

.2.

0 200 400
OF W

@Oo
Temperature,

(b) Tests 3a and 3b. Lubrlcaut,ML-F-5624B grade E’4 fuel; method, drop
feed; lubricant flow rate, O.W32 to 0.0003 pound per minute (20 to 24
drops/udn).

Figure 5. - Effect of tetapemtureon frictiontorque of bearings with .
silver-platedberyllium copper”cages. speed, 2500 I-pm;thrust load,
110 pounaa.
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0 ~a) Teats 4a an-i4b. Iubriaant,di(2-ethglh~l )aekmate +
acldltlve8;method, drop feed; lubrlaant flow rate, 0.0003
to 0.001 pound perminute (15 to 5S dr0p6/mln).

m 3.5

/ ,

.2 /

(

o (d) Test 5. Lubricant, dl.xtyl IaOOOtene phcmphonate w ad-

dltivea; method, drop feed; lubrlaant flow rati, O.0W3
pound P udmuti (15 dl’OpS@ll).
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o 200 4Cm m 800 lWO
Temperature, ‘%

(f) Teat 7. Lubriaent, silicone-dieater blend; method, drop
feed; lubriat flow rate, 0.0C03 pound per mintite (15
drolxymin).

Fi@ra 5. - c~t~~. Effeat of temperature on frioticm
torque of beariw with silver-plated berglllum oopper
~ga. 2peed, 2W0 rpm; t-t 1~~ llo -*.
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(g) Test El. Lubricant, WS2; uiethod,air mist (air-flow rate, 0.053 to

0.23 cu ft/tmln); lubricant flov rate, 0.00002 to 0.00015 pound per
udnute.

IWzure 5. - Continued. Effect of tetuoerature on Mction toraue of bear-

.

.

&e with silver-Plated beryllium c&Per cages. 8peed, ~“ rpm; thrwt
bad, 110 pouna5 .
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(h) Tests 9a and %. Lubricant, ~hitej methck, air mist (air-.

q flow rate, 0.053 to 0.23 cu ft/min);lubricantflow mrbe, 0.00002
q to 0.00015 pound per urLnute.
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(i) Test 10. Lubricant,dried graphite(dryair);method, alr mist
(air-flowrate, 0.033 to 0.23 cuftlmin); lubricant flow rate,

0.00002to 0.00015pound per minute.

Figure 5. - Concluded. IHfect of temperatureon frictiontorque of
bearingstith silver-platedberylliumcoppercages. Speed, 2300
rpm; thrust load, 110 pounds.
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FQure 6. - Hfeat of tmperatmre on Irlotlon taraua Of b~- ~th Imonel
cages. Speed, 2500 rpa; thmst lcmd, IJ.Opmmds.
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(c) Test 13. Lu3ricant, graphite; method, air mist (air-flow rate, 0,053

to 0.23 cu ft/tin); lubricant flow rate, 0.00002 to 0.03015 pcmnd per

?-dnute. (No otide coating on cage. )
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Figure 6. - Concluded. Effect of temperature on friction torque of bear-

ings with Inconel cages. Speed, 23X) rpm; thrust load, 110 pounds,
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Figure 7. - Test 14. Effect of running time on friction torque
of bearing with oxide-coated cast Inconel cage. Speed, 2500 rpnq
thrust load, 110 pounds; lubrication method, drop feed; lubri-
cant flow rate, 0.0003 pound per minute (15 drops/rein).

.
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(a)New War@j, stampedand
riveted silvmpl.at ed beryllium

cower cage.

—.—_— .—

(c) Test 1; dry.

.
(e) Test %; lubricant,

=F-5624B grade JP-4

jet-engine fuel.

—

(b) New bearing,two-piece riveted
and tmchined cast Inconel cage.

—
t ——

I
(d)Test 2; l~bricant, MEL-C-6081A
grade 1010 petroleum.

-——~

Figure 8. - Test bear-s before and after tests...

(f) Test 4a; lubricant,

M( 2-ethyllexyl) sebacat e

+ additives.
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(g) Test 5; lubricant,d.ioctyl
isooctenephoaphonate.

(i)Test7: lubricantinletside,
silicone-diesterblend. -

,

(k) Test 8; lubricantinlet side,

~2”

IWCA‘m 3337

( 1

i

_.. . ,.— —— . .

(h) Test 6; lubricant,tetrakis
(2-ethylhexyl)silicate+
oxidation inhibitor.

—. —.— .. ..~

(j)Test7; lubricantoutlet side,”
silicone-diester blend.

(1) Test 8; lubricantoutlet side,
MoSz.

Figure 8. - Continued. Test bearings before and after tests.

.
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i

I
I ,
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(m) Teat 9a; lubricant,graphite.

i

(o) Teat H; lubricant, WS2;

oxide-coatedcast Inconel cage.

—— —————

*
I

I ---- I

(q) Te* 13; lubricant,graphite;
cast DMonel cage (no oxide
Coating).

——

(n)Teat10;lubricant,dried
aphite (dryair).

I

(P) Test 12; lubricant,
-IWte - ah tistj
oxide-coatedcastInconelcage.

-—

[r) Teat 14: lubricant.
silicone-dleaterblend:
oxide-coatedcast Inw&el cage.

Figure 8. - concluded.Testbearings before and after teats.
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